Patients with acute coronary occlusion may lack typical signs of myocardial infarction in the electrocardiogram. We tested the ability of different echocardiographic modalities to identify coronary occlusion by quantifying myocardial dysfunction in patients with non-ST-elevation acute coronary syndrome (NSTE-ACS).
Introduction
The electrocardiogram (ECG) is pivotal to early risk stratification of patients with chest pain. ST-segment elevation predicts acute coronary occlusion with high specificity. When ST elevation is present, treatment is aimed at reperfusion by opening the occluded coronary artery, either by thrombolysis or by percutaneous coronary intervention (PCI). This strategy, which reduces infarct size and salvages viable myocardium, has led to a dramatically improved prognosis in ST elevation myocardial infarction (STEMI). 1 However, ECG has limited ability to detect acute coronary occlusion, with a sensitivity of 70%. 2, 3 Hence, 30% of patients with acute coronary occlusion do not develop ST-segment elevation, and are diagnosed with non ST-elevation acute coronary syndrome (NSTE-ACS). These patients may develop substantial myocardial infarction (MI), but criteria for acute reperfusion therapy are rarely fulfilled. 4 One major determinant of final infarct size is the size of the ischaemic risk area, defined as the area of the left ventricle (LV) supplied by the infarct related artery (IRA). 5, 6 Previous experimental studies have demonstrated an excellent correlation between extent of regional systolic dysfunction and ischaemic risk area. 7, 8 ST-segment deviations in the ECG, on the other hand, have demonstrated only modest correlation with both ischaemic risk area and final infarct size. 9, 10 Acute coronary occlusion induces LV systolic dysfunction 11 that can be quantified by echocardiography. Strain echocardiography is a validated and accurate measure of regional systolic LV function. 12, 13 It has also been shown to be superior to visual assessment of wall motion in detection and quantification of regional systolic function. 14 Strain and other deformation parameters are sensitive tools for detection of ischaemia. 15 -17 We hypothesized that patients with acute coronary occlusion have impaired global LV systolic function, and a larger area of the LV with systolic dysfunction, when compared with patients without acute occlusion. The aim of this study was to test the ability to predict acute coronary occlusion in patients with NSTE-ACS, using strain echocardiography and established echocardiographic indices of LV systolic function.
Methods
This study was conducted in a single tertiary coronary care centre. Consecutive patients referred for coronary angiography with a clinical diagnosis of NSTE-ACS were screened for enrolment. Patients were examined immediately upon arrival at the invasive centre.
Patients
One hundred and fifty patients were prospectively enrolled from May 2007 until June 2008. Inclusion criteria were age 18 years, a clinical diagnosis of NSTE-ACS, and planned coronary angiography within 3 days of index admission. Time from hospital admission to coronary angiography was 2.2 + 0.7 days. Major exclusion criteria were: prior MI, evidence of STEMI [ST-elevation . 0.1 mV (0.2 mV in precordial leads V 1 -V 3 )] in two or more contiguous leads on any ECG during index admission, bundle branch block with QRS . 120 ms, severe valvular disease, previous heart surgery, extensive comorbidity with short life expectancy, atrial fibrillation with heart rate .100, or any condition interfering with the patient's ability to comply. All patients were considered clinically and haemodynamically stable during index admission, and patients referred for urgent coronary intervention were not included. The study was approved by the regional ethics committee, and all patients gave written informed consent. Patient characteristics, medication, and risk factors are listed in Table 1 .
Echocardiography
Examinations were performed with a Vivid 7 scanner (GE Vingmed, Horten, Norway), using a phased array transducer. Echocardiography was performed immediately prior to coronary angiography, and at a follow-up visit scheduled 9 months later. Three consecutive cycles in three apical planes (four-chamber, two-chamber, and long axis) were obtained by conventional two-dimensional grayscale echocardiography, using second harmonic imaging. Loops were digitally stored and later analysed off-line using Echo-Pac version 7.0.0 (GE Vingmed). All examinations were performed by the same operator. LV ejection fraction (LVEF) was calculated from four-and twochamber images, using the modified Simpson's rule. Wall motion score (WMS) was assessed in a 16-segment model. 18 Segmental wall motion was judged by an experienced cardiologist as normal, 1; hypokinetic, 2; akinetic, 3; and dyskinetic, 4. WMS index (WMSI) represents the average value of analysed segments.
Strain analyses
We used longitudinal strain measured by speckle tracking echocardiography (STE), also calculated in the 16-segment model. 18 In each of the apical planes, a region of interest was manually drawn, and tracking of motion was done automatically by the software. Frame rate was 72 + 15 frames/s. An example is shown in Figure 1 . For each segment, the peak negative systolic strain value representing maximum segmental systolic contraction was noted. Values for all analysed segments were then averaged to obtain global strain (GS). All echocardiographic and strain analyses were performed separately and blinded to other patient data. 
Functional risk area
Experimental studies have demonstrated excellent correlation between the ischaemic risk area and the area of regional systolic dysfunction. 7, 8 The ischaemic risk area can only be assessed clinically by perfusion imaging with single photon emission computed tomography or contrast echocardiography. These modalities are not available in the emergency setting at most hospitals. For the purpose of this study, we therefore introduce the term 'functional risk area'. This term describes the area of the LV with systolic dysfunction. It was assessed separately using WMS and segmental strain, and defined as the number of adjacent segments with systolic dysfunction. To identify systolic dysfunction by strain analysis, a cut-off value to discriminate between normal and abnormal segments was needed. Mean segmental strain values in normal (WMS ¼ 1) and hypokinetic (WMS ¼ 2) segments were 217.5 and 212.5%, respectively. Strain has previously demonstrated ability to identify more subtle changes in systolic function than WMS. 14 We therefore constructed models using 213, 214, and 215% as cut-off. A strain value greater than 214% to identify abnormal segments gave the largest area under the curve (AUC) on receiver operator characteristic (ROC) analysis, and was used for further analyses.
Electrocardiogram
The ECG obtained at admission to referring hospital was used. Patients who developed ST-elevation or bundle branch block during index hospitalization were excluded from this study. Evidence of ischaemia was defined as any ST-deviation .0.5 mm or symmetric T-wave inversion .3 mm in two or more contiguous leads. The sum of all ST-segment deviations exceeding 0.5 mm was recorded.
Biochemical analyses
Different referring hospitals used different markers of myocardial necrosis. A diagnosis of MI was based on either an elevated troponin T (TnT) above 0.10 ng/ml on 56 patients or an elevated troponin I with an upper limit of normal defined by the laboratory at referring hospital on 94 patients. Blood samples drawn immediately prior to coronary angiography were available in 137 patients (91%) and all subsequent reports of TnT refer to this sample.
Coronary angiography
Coronary angiography was performed on clinical indication by standard (Judkins) technique, using digital imaging acquisition and storage. PCI was performed at the discretion of the operator. Cine loops in multiple angles were stored, and all analyses were performed in retrospect by a single experienced invasive cardiologist, blinded to the results of the echocardiographic analyses. TIMI flow was noted, and acute occlusion was defined as TIMI flow 0 or 1 in the IRA. Acute occlusions were differentiated from chronic total occlusions by angiographic appearance (thrombus, collaterals, calcification), and by the ease with which a guide wire could be crossed. Occlusive lesions were classified as being either in the proximal or in the mid part of a major coronary artery, as opposed to in a distal part or branch. 
Statistical analyses

Results
Feasibility and reproducibility
No patients were excluded due to suboptimal image quality on echocardiography.
Longitudinal strain values could be obtained in 2363 (98.4%) and WMS in 2395 (99.8%) of all LV segments. LVEF could be calculated in all patients. Intra-class correlation coefficients for inter-and intra-observer variability of segmental longitudinal strain were 0.90 and 0.94, respectively.
Clinical and angiographic findings
All patients were in sinus rhythm. Thirty-three patients (22%) had acute coronary occlusion on coronary angiography. Multi-vessel Strain echocardiography predicts acute coronary occlusion disease was found in 69 patients (46%). Acute occlusion were similarly prevalent in patients with single-compared with multi-vessel disease (26 vs. 30%, P ¼ 0.61). Details are presented in Table 2 . Surprisingly, we found a similar incidence of occlusive lesions in all territories. Patients with acute occlusion were more often, male, troponin positive, and were less likely to be treated with a b-blocker. As shown in Table 3 , we found no difference in the presence or magnitude of ischaemic ECG changes, incidence of recurrent chest pain, or in hemodynamic parameters. Interestingly, only one-third of all patients had any evidence of ischaemia in the ECG. A typical example from a patient without significant ST-deviations in the ECG but with acute coronary occlusion and a large functional risk area is demonstrated in Figure 2 . Measurements of TnT were significantly higher in patients with acute occlusion (1.0 + 1.1 vs. 0.3 + 0.7 mg/L, P . 0.001), and TnT . 0.33 mg/L could identify coronary occlusion with sensitivity 77% and specificity 78%.
Echocardiography
As demonstrated in Table 4 , all the assessed echocardiographic parameters of LV systolic function differed significantly between patients with and without acute coronary occlusion. By LVEF, WMSI, and GS, patients with acute occlusion had impaired global LV systolic function compared with patients without occlusion. The functional risk area was significantly larger in patients with occlusion, both by WMS and by strain analyses. LV end-diastolic volume indexed to body surface area was larger in patients with acute occlusion. However, by logistic regression modelling, it was not found to confound the results of any of the echocardiographic parameters.
Functional risk area by myocardial strain analyses
By multivariate logistic regression, only functional risk area by strain analysis remained an independent predictor of acute coronary occlusion. ROC analysis (Figure 3 ) demonstrated that assessment of functional risk area by strain analyses had the best ability to identify patients with acute coronary occlusion. not compared with GS (P ¼ 0.11), risk area by WMS (P ¼ 0.08), or WMSI (P ¼ 0.09). A functional risk area by STE of minimum four segments yields a sensitivity of 85% and a specificity of 70% for predicting occlusion ( Table 5 ). In our material, this strategy identified 28 out of 33 patients with acute coronary occlusion, which were missed by ST-segment elevation in the ECG. The relative risk of acute coronary occlusion in patients with a functional risk area 4 segments was 7.5 (95% confidence interval 3.3 -18.2, P , 0.01), compared with those with a smaller risk area. Distribution of the risk area size for individual patients with and without acute occlusion is shown in Figure 4 . With a functional risk area of minimum four adjacent LV segments, five patients with acute occlusion were not identified (false negatives). Of these, three patients had occlusion in the right coronary artery (RCA) (two with collaterals from the left anterior descending), one in an obtuse marginal branch of the left circumflex (LCx), and one in a small LCx (large dominant RCA). The latter was the only patient with acute coronary occlusion, and a functional risk area of ,2 segments. The false positive rate, i.e. number of patients with a large risk area but a patent IRA, was relatively high. However, when compared with true negative patients, TnT in false positive patients was increased eight-fold (0.8 + 0.1 vs. 0.1 + 0.2 mg/L, P , 0.0001), indicating more extensive myocardial necrosis.
Follow-up
Follow-up echocardiography was performed 9 + 3 months after index hospital admission in 143 patients (95%). A persistent impairment of LV systolic function was found in patients with acute occlusion compared with those with a patent IRA: LVEF; 60.1 + 9.7 vs. 64.5 + 8.1%, P ¼ 0.012 and GS; 216.3 + 2.6 vs. 218.1 + 2.2%, P , 0.001.
Discussion
We demonstrate the use of a non-invasive bedside imaging modality to identify acute coronary occlusion in the NSTE-ACS population. In patients with acute coronary occlusion, we find impaired global and regional systolic function, compared with those with a patent IRA. This has important clinical implications, since acute coronary occlusion is a potentially reversible cause The AUC is reported with 95% confidence interval. Estimates of risk area are based on number of adjacent segments with WMS 2 or strain greater than or equal to 214%, respectively. AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value. *P , 0.05 vs. LVEF.
of myocardial ischaemia and necrosis, if reperfusion therapy is initiated promptly. Since all echocardiographic measures of myocardial systolic function were depressed in patients with acute coronary occlusion, echocardiography is likely to be a valuable tool for better risk stratification in patients with NSTE-ACS. The strategy of including minimum four LV segments with strain greater than 214% identified patients with acute coronary occlusion with acceptable sensitivity and specificity in our material. Myocardial strain by echocardiography is an objective measure of LV function and had good discriminating power in our study. In principle, however, all echocardiographic methods used in our study could identify patients with an occluded coronary artery that were missed by the conventional ECG technique. In particular, the NPV of all modalities was high. This demonstrates a close association between LV systolic function, and patency of the IRA. Importantly, in current clinical practice, there exists no other instant diagnostic method to uncover acute coronary occlusion when ECG fails.
Acute coronary occlusion and electrocardiogram changes
Acute coronary occlusion is not an uncommon finding in NSTE-ACS. Our findings match with those of angiographic substudies of large NSTE-ACS trials, where an occluded IRA was found in 12 -47%. 20 -22 It is important to recognize that the difference between STEMI and NSTEMI by definition is electrophysiological and not pathophysiological. Findings of a similar incidence of Q-wave development, similar transmurality, and infarct size in patients with and without ST-segment elevation are evidence that lack of ST elevation does not rule out transmural MI. 23, 24 Several studies have assessed the sensitivity of ST-segment elevation to diagnose acute coronary occlusion. In models using prolonged balloon inflation during PCI, sensitivity is reported between 32 and 80%, dependent on the affected vessel. 2, 3 In our study, an occluded IRA was not only found in vessels supplying the electrocardiographically 'silent' posterior wall.
Mechanisms of impaired regional systolic function in non-ST-elevation acute coronary syndrome
In this study, we demonstrate a significant association between a large area with systolic dysfunction (functional risk area) and acute coronary occlusion. However, several mechanisms may explain large areas with systolic dysfunction. Most important, transient occlusion with subsequent spontaneous lysis may render the myocardium stunned or necrotic, even if the epicardial vessel is patent when coronary angiography is performed. The prevalence of total occlusion is previously reported to fall during the first 24 h after infarction, 25 indicating that spontaneous lysis is frequent in patients with MI.
Plaque rupture with distal embolization may cause ischaemia and impaired systolic function in large regions of the myocardium, even when the IRA remains open. These patients are also important to identify, as they may profit from intensified antithrombotic therapy and PCI to stabilize the ruptured plaque. The eight-fold increase in mean TnT observed in patients with large risk areas is likely to reflect significantly larger infarctions. This may be due to transient occlusion or distal embolization, and may explain some of the patients in our material with large risk areas and a patent IRA.
Patients may also have impaired LV function of other cause, i.e. hypertension or cardiomyopathy. These patients most often have uniformly depressed LV function. By our definition, they will also have large functional risk areas, sometimes comprising the entire LV. Nevertheless, in a clinical setting, the lack of heterogeneity in LV regional systolic function associated with MI is likely to lower the suspicion of acute coronary occlusion in these patients.
Diagnostic tools to identify acute coronary occlusion
A diagnostic tool to identify patients with acute occlusion could prove valuable in selection of NSTE-ACS patients who may benefit from urgent reperfusion therapy. This tool should be based on information that can be obtained in the emergency room, to minimize delay. Importantly, clinical and electrocardiographic findings were unable to identify these patients in our material. Significant differences were found in both the presence and magnitude of elevated TnT. However, the release of troponins is slow after vessel occlusion. Therefore, even though they are able to identify patients with occlusion at a later stage, peak values are not applicable in the acute setting, even theoretically. Myocardial systolic function, on the other hand, is dependent on continuous tissue perfusion, and deteriorates within seconds after vessel occlusion. 11 Hence, estimates of systolic function have the advantage of being applicable within the time frame where reperfusion therapy may still lead to significant myocardial salvage. Although not assessed in our study, it is likely that acute occlusion may be detected even at a very early stage. Even though all measures of global LV function were impaired, assessment of the extent of regional systolic dysfunction had better ability to identify individual patients with acute coronary occlusion in our study. This may be due to variability in compensatory mechanisms in non-infarcted segments.
The most important finding in our study is that acute coronary occlusion causes changes in regional and global LV systolic function, and that echocardiography is a feasible tool to detect these differences. Several methods yield acceptable sensitivity and specificity. Echocardiography is available in the emergency room, and can be performed within minutes of admission. The method should probably be applied to all patients with chest pain and clinical suspicion of MI without ST-segment elevation. However, prior to changing clinical practice, the clinical significance of our findings should be clarified in further trials.
Limitations
Echocardiography was not performed at the time of index admission, but upon arrival at the invasive centre 1-3 days later. As stated above, morphology of the culprit vessel changes over time. An accompanying change in global or regional systolic function during the first days is not unlikely, but has not yet been reported. Therefore, our model requires validation applied in the emergency room setting.
Prior MI was an exclusion criterion in this study, and the methods described cannot be applied to patients with pre-existing systolic dysfunction. As all patients were in sinus rhythm, no conclusion can be drawn on patients with atrial fibrillation or other arrhythmias. Although no confounding was demonstrated in our material, differences in loading conditions and inotropy may influence parameters of LV systolic function. Therefore, results should be interpreted with care when these factors may be altered.
The clinical importance of acute coronary occlusion in the absence of ST-segment elevation has never been clearly established. However, rapid restoration of blood flow is widely accepted as a major advantage for patients with acute MI. Knowing the limited ability of the ECG to detect acute occlusion, it is reasonable to believe that also NSTE-ACS patients with acute occlusion may benefit from an urgent reperfusion strategy.
Conclusion
A significant number of patients in the NSTE-ACS population develop MI due to acute coronary occlusion. We found that all indices of LV global and regional function were decreased in patients with acute coronary occlusion, compared with those with a patent IRA. Detection of contractile abnormalities by strain-or conventional echocardiography may be a very useful tool to select patients who may benefit from urgent reperfusion therapy. Echocardiography therefore should have a role in the initial triage of patients with suspected MI.
